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Cancer is a leading cause of death worldwide and accounts for
several millions of deaths every year.[1] The survival of cancer
patients is strongly associated with the stage of the tumor at
the time of diagnosis. Identifying the cancer at the cellular
level in an early stage before metastasis holds great promise
for increasing the survival of cancer patients. A major focus of
research towards this goal is on the estimation of abnormal-
ities in gene expression in living cells.[2–4] Tumor-related
mRNA has been widely used as a specific marker to assess the
migration of tumor cells locally or in the bloodstream.
Changes in the level of tumor-related mRNA expression are
correlated with tumor burden and malignant progression.[5]

The detection of tumor-related mRNA markers in intact
cancer cells provides new tools for identifying cancer cells in
clinical samples.

Recently, a variety of techniques have been exploited to
monitor tumor-related mRNAs.[6] Among these methods,
fluorescence imaging analysis offers an appealing approach
for the detection of cancer at the cellular level, which may be
of prognostic significance. Many fluorescence probes have
been synthesized for the detection and imaging of mRNA in
cancer cells and most of the research focuses on detecting
a single type of mRNA,[4, 7] which may yield false positive
results and limits the development of intracellular mRNA
imaging and detection. Notably, cancer is associated with
multiple tumor-related mRNAs,[8] and some mRNA markers
are expressed in normal cells.[9] Simultaneous detection of
multiple targets brings new opportunities for improving the
accuracy of early cancer detection over the single-marker
assay. Although various types of platforms for the detection of
multiple targets have been developed,[10] none have been
designed for imaging three or more markers in living cells.

Such intracellular imaging techniques for multiple tumor-
related mRNAs could promote the progress of early cancer
detection.

Herein, we describe a multicolor fluorescence nanoprobe
based on nanoflares, which simultaneously detects three
intracellular tumor-related mRNAs.[4] The nanoprobe con-
sists of gold nanoparticles (Au NPs) functionalized with
a dense shell of recognition sequences (synthetic oligo-
nucleotides) hybridized to three short dye-terminated
reporter sequences by gold–thiol bond formation
(Figure 1).[11] The recognition sequences contain 21-base
recognition elements for three specific mRNA transcripts:
c-myc mRNA, TK1 mRNA, and GalNAc-T mRNA.

Although they are important markers in cancer cells, these
transcripts have rarely been previously imaged in living
cells.[12–14] C-myc is a potent activator of tumorigenesis, and it
is deregulated in a range of cancers. In particular, it plays
a critical role in breast tumorigenesis and progression.[12] TK
is an important
pyrimidine metabolic pathway enzyme, which includes two
major isoenzymes (TK1 and TK2) and catalyzes the phos-
phorylation of thymidine to deoxythymidine monophosphate.
TK1 is associated with cell division and is proposed to be
a marker for tumor growth.[13] GalNAc-T is a key enzyme in
the biosynthetic pathway of gangliosides GM2/GD2, which

Figure 1. Illustration of the multicolor nanoprobe for the detection of
intracellular tumor-related mRNAs.
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are elevated in expression on the surface of various types of
cancer cells.[14] The reporter sequences are labeled by Rh110,
Cy3, and Cy5 dyes, respectively (for details see the Supporting
Information, Table S1). The fluorescence of the three dyes
was quenched by Au NPs. In the presence of DNA or RNA
targets, the recognition sequences hybridize with the comple-
mentary target sequences by forming the longer and more
stable duplexes, causing the release of the reporter sequences,
which can then produce fluorescence signals correlated with
the relative amount of the specific DNA or RNA targets. The
details of this approach are shown in Figure 1.

To the best of our knowledge, this is the first time that
a nanoprobe has been used for imaging three targets in living
cells. The nanoprobe takes advantage of the unique properties
of Au NPs, such as great quenching efficiency,[15] great
quenching distance[16] (which is beneficial for multicolor
detection), resistance to degradation,[17] and the ability to
enter cells without the use of transfection agents.[4] Moreover,
it can effectively distinguish breast cancer cells from normal
breast cells, as well as liver cancer cells from normal liver cells.
Importantly, it can also identify the levels of mRNA
expression, which would be beneficial for evaluation of the
stage of tumor progression and in making treatment decisions.
This novel approach could provide comprehensive and
dependable information for early detection of cancer and
avoid false positive results caused by detection of a single
tumor-related mRNA.

We designed the nanoprobe using 13 nm Au NPs, because
it has been reported that Au NPs of this size are efficient
quenchers, can be densely functionalized with oligonucleo-
tides,[18] and do not efficiently scatter visible light, which is
important for designing optical probes with minimal interfer-
ence.[4] The TEM images of Au NPs and nanoprobes (Au NPs
functionalized with three flare duplexes) are shown in the
Supporting Information, Figure S1. The results showed that
the border of the Au NPs was clear and that of the nanoprobe
was ambiguous, a result which is indicative of the assembly of
flare duplexes on the surface of Au NPs. The UV/Vis
absorption spectra indicated that the maximum absorption
of the Au NPs was at 519 nm and that it was red-shifted to
524 nm for the nanoprobe, which further confirmed that the
Au NPs were successfully functionalized with flare duplexes
(Figure S2). Based on the previously established method,[19]

each Au NP was calculated to carry 13� 1 Rh110-labeled

flares targeting c-myc mRNA, 14� 1 Cy3-labeled flares
targeting TK1 mRNA and 14� 1 Cy5-labeled flares targeting
GalNAc-T mRNA. Details of the characterization are
provided in Figure S3.

Binding studies were performed with the perfectly
matched DNA targets for the three flare duplexes to evaluate
the feasibility of the nanoprobe for the simultaneous detec-
tion of multiple DNA targets. For comparison, DNA targets
with a single-base mismatch were also used under the same
conditions. The results demonstrated that the probe
responded with 5.9-fold, 4.4-fold, and 4.8-fold increases in
fluorescence signals upon target recognition and binding for
the Rh110-labeled duplex, Cy3-labeled duplex, and Cy5-
labeled duplex, respectively. In contrast, the signals did not
obviously change in the presence of single-base mismatched
targets and were of comparable magnitude to the background
fluorescence (Figure 2). These results indicated that the
nanoprobe was efficient at signaling the presence of specific
targets. Figure S4 shows that the fluorescence intensity of the
nanoprobe increases with increasing concentration of the
DNA targets from 0 to 200 nm, thus suggesting that the
hybridization of the nanoprobe and DNA targets led to
fluorescence recovery and that the fluorescence intensity is
associated with the concentration of the DNA targets. The
detection limit of the nanoprobe was calculated to be 1.2 nm
for c-myc mRNA, 1.4 nm for TK1 mRNA, and 1.6 nm for
GalNAc-T mRNA, respectively. The selectivity of flare
duplexes for the nanoprobe is shown in Figure S5. The results
revealed that every flare duplex was specifically bound to the
respective DNA target and generated 4- to 6-fold higher
fluorescent signal when mixed with the specific DNA target,
as compared to other targets.

Nuclease stability is a key property of probes for
diagnostic applications in living cells. A series of experiments
was conducted using the enzyme deoxyribonuclease I
(DNase I), a common endonuclease,[17] to evaluate the
nuclease stability of the nanoprobe. The results showed that
the nanoprobe treated with DNase I was not obviously
degraded compared to the probe without DNase I
(Figure 3). When the equivalent DNA targets were added
to the nanoprobe-only and nanoprobe/DNase I solutions,
respectively, the fluorescence intensity of the three dyes in
both solutions was enhanced greatly after hybridization
(Figure 3, insets). This indicates that the nanoprobe possesses

Figure 2. Multiplexing detection using the nanoprobe. The nanoprobe (1 nm, curve 3) was hybridized with three different perfectly matched targets
(curve 1) and three different single-mismatched targets (curve 2); target concentrations are 200 nm. a) c-myc (Rh110, green emission at 520 nm).
b) TK1 (Cy3, yellow emission at 560 nm). c) GalNAc-T (Cy5, red emission at 668 nm).
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high resistance to nuclease, and further confirmed that the
fluorescence recovery was indeed due to the hybridization of
the nanoprobe and targets instead of nuclease degradation.

To evaluate the cytotoxicity of the nanoprobe, we
performed an MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide) assay in human breast cancer cell
line MCF-7 as an example. The absorbance of MTT at 490 nm
is dependent upon the degree of activation of the cells. The
cell viability is then expressed by the ratio of the absorbance
of the cells incubated with the nanoprobe to that of the cells
incubated with the culture medium only. The results indicated
that the unmodified Au NPs (1 nm) and the nanoprobe (1 nm
and 5 nm) showed almost no cytotoxicity or side effects in
living cells (Figure S6), and confirmed that the nanoprobe
could be used in intracellular marker diagnosis.

For the application of the nanoprobe in detecting multiple
mRNAs simultaneously, in vitro binding and uptake studies
were performed with MCF-7 and the normal immortalized
human mammary epithelial cell line MCF-10A, where c-myc,
TK1, and GalNAc-T transcripts were all overexpressed.[12–14]

As can be seen from Figure 4, after MCF-7 was incubated
with the nanoprobe, a strong green fluorescence signal for c-
myc mRNA, a yellow fluorescence signal for TK1 mRNA,
and a red fluorescence signal for GalNAc-T mRNA were
observed under confocal laser scanning microscopy (CLSM).
When MCF-10A cells were incubated with the nanoprobe
under the same conditions, all of the three fluorescence
signals were very low, indicating that the nanoprobe can be
used as a fluorescence probe for the detection of breast
cancer. To confirm the uptake of the nanoprobe in MCF-10A,
an approach based on inductively coupled plasma atomic
emission spectroscopy (ICP-AES) was employed.[20] The
analysis showed that the nanoprobe was taken up in MCF-
10A cells(see the Supporting Information). Bright-field
images confirmed that the cells were viable throughout the
imaging experiments. Moreover, the three fluorescence
signals are well overlapped in the cytoplasm, indicating that
the nanoprobe mostly accumulated in the cytoplasm and can
simultaneously detect multiple gene expression in a single
cell. Reverse transcription-PCR (RT-PCR) also showed that
the relative expression levels of the three tumor-related
mRNAs in MCF-7 were higher than in MCF-10A (Fig-
ure S7a). Next, we applied the nanoprobe to the simultaneous

detection of multiple mRNAs in human hepatocellular liver
carcinoma cell line HepG2 and human hepatocyte cell line
HL-7702. Strong green, yellow, and red fluorescence signals
for the three mRNAs were also observed under CLSM in
HepG2 after incubation with the nanoprobe, which was
similar to the results obtained with MCF-7. Interestingly, after
HL-7702 was incubated with the nanoprobe, the green and
yellow fluorescence signals were faint, while the red fluores-
cent signal was strong, indicating that the expression of
GalNAc-T mRNA in HL-7702 was also high. The RT-PCR
results further verified that the relative levels of c-myc and
TK1 mRNA in HepG2 were higher than in HL-7702, while
the levels of GalNAc-T mRNA were similar in HL-7702 and
HepG2, indicating that the expression levels of GalNAc-T
mRNA in HL-7702 and HepG2 were both high (Figure S7b).
These results show that the fluorescent signals produced by
the multicolor nanoprobe were consistent with the levels of
tumor-related mRNA gene expression, and suggest that the
detection of multiple tumor-related mRNAs could avoid the
false positive results yielded by testing for single tumor-
related mRNAs. Moreover, the above results revealed that
the nanoprobe could be used for the discrimination of cancer
cells from normal cells.

The relative expression levels of tumor-related mRNAs in
cancer cells are different in the various stages of tumor
progression, and it is critical to evaluate their relative
expression levels for estimating the tumor stage and making
treatment decisions. We next investigated the ability of the
nanoprobe to detect the changes in the mRNA expression
levels in living cells. TK1 mRNA in MCF-7 was chosen as an
example. It was reported that tamoxifen induced the down-
regulation of TK1 mRNA expression and b-estradiol induced
the up-regulation of TK1 mRNA expression.[21] MCF-7 cells
were divided into three groups. One group was treated with
tamoxifen to decrease the TK1 mRNA expression and
another one was treated with b-estradiol to increase the
TK1 mRNA expression. An untreated group served as
a control. The nanoprobe was then incubated with the treated
and untreated cells. The fluorescence intensity was lower in
the tamoxifen treated MCF-7 cells (Figure S8b) and higher in
the b-estradiol treated MCF-7 cells (Figure S8c), relative to
that in the untreated cells (Figure S8a). The bright-field
images (Figure S8d,e,f) showed that the cells were viable

Figure 3. Nuclease stability of the nanoprobe in the presence or absence of DNase I. Fluorescence curves of the nanoprobe (1 nm) in buffer with
(c*c) or without (c&c) DNase I, as a function of time. Insets: fluorescence spectra after hybridization of the nanoprobe with DNA
targets in the presence (c) and absence (c) of DNase I. a) C-myc target measured with excitation at 490 nm. b) TK1 target measured with
excitation at 550 nm. c) GalNAc-T target measured with excitation at 648 nm.
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throughout the imaging experiment. RT-PCR further con-
firmed that the level of TK1 mRNA expression decreased
after tamoxifen treatment and increased after b-estradiol
treatment (Figure S9). These results indicate that the fluo-
rescence intensity correlates well with the level of tumor-
related mRNA expression in living cells. Thus, the nanoprobe
is capable of detecting changes in gene expression levels in
cancer cells.

In summary, we have presented a novel nanoprobe, based
on multicolor nanoflares, that can simultaneously detect and
image three types of tumor-related mRNAs in living cells. The
nanoprobe exhibits high specificity, nuclease stability and
good biocompatibility. Moreover, the nanoprobe could effec-
tively distinguish cancer cells from normal cells and identify
changes in the expression levels of tumor-related mRNAs in
living cells, which would be beneficial in evaluating the stage
of tumor progression and in making treatment decisions.
Compared to the traditional detection of single tumor-related
mRNAs, the current approach could offer more comprehen-

sive and reliable information for cancer detection, and
effectively prevent false positive results. We anticipate that
the nanoprobe will provide new opportunities for detection
and imaging of multiple markers in living cells.
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